The northwestern corner of the Philippine Sea plate (PSP) is actively interacting with the southwestern Ryukyu arc-trench system, as evidenced by intense seismicity. To better understand the complex tectonics of this area, we have used available P-wave seismic arrival times to study the ve locity structures of the Taiwan 
INTRODUCTION
The Philippine Sea plate (PSP) is surrounded by arc-trench systems except for its north western boundary, which abuts the Eurasian plate along the Longitudinal valley in eastern Taiwan (Fig. 1) . The northwestern comer of the PSP obliquely subducts northward beneath the Ryukyu arc and overrides southwestward the Eurasian plate along the Manila trench (e .g., Angelier 1990) . With respect to the Eurasian plate, the PSP moves in the direction of N3 10° at a rate of 71 mm/yr in the Taiwan-Ryukyu region (Seno et al. 1993) . The active interplay between the PSP and the south Ryukyu subduction zone results in intense seismicity in the Luzon and Ryukyu arcs junction area (e.g., Tsai 1986; Kao et al. 1998; Wang and Shin 1998) .
At the northwestemmost corner of the PSP, the uplift of Taiwan is a typical example of modem orogeny. It is generally agreed that the formation of Taiwan started near the southern end of the Ryukyu subduction zone at about4 My ago (e.g., Chi et al. 1981; Teng 1990) . The Taiwan orogeny is closely related to the northwestward convergence of the Luzon arc (attached to the northwestemmost PSP) against the southwest margin of the Eurasian plate ( Fig. 1) . Nevertheless, the mechanism for the Taiwan orogeny remains controversial (e.g., Biq 1972; Chai 1972; Jahn 1972; Juan 1975; Suppe 198 1, 1984; Pelletier and Stephan 1984; Teng 1990; Lu and Hsu 1992; Hsu and Sibuet 1995; Huang et al. 1997; Wu et al . 1997; Chemenda et al. 1997; Sibuet and Hsu 1997) , mainly due to the lack of observational constraints on the deep crustal structure in the Taiwan-Ryukyu junction area. In this paper, a P-wave seismic tomog raphy study is aimed to understand the deep crustal structures in the Taiwan-Ryukyu junction area. The results, together with existing geophysical data, shed light on the complex tectonics of the northwestern comer of the PSP.
DATA AND METHOD
A unique data set of earthquake P-wave arrival times, provided by both the Central Weather Bureau (CWB)of Taiwan and the Japanese Meteorological Agency (JMA) of Japan, was compiled for this study. There are 162 common earthquakes recorded by both the CWB and JMA, consisting of 2902 P-wave arrival times at 43 stations. However, it can be seen that the discrepancies in earthquake relocation, determined respectively by the CWB and JMA, are quite large (more than 150 km in the most extreme easel) (Fig. 2 ). This can be attributed to either the uncertainty of the velocity structures in this region or the fact that earthquakes lo cated by the CWB or JMA were outside the appropriate coverage of each station's network. Although only 162 of the earthquakes occurring between April 1983 and September 1994 are available from both agencies, there are two advantages to using this data set. Firstly, the mag nitude of earthquakes simultaneously detected by the CWB and JMA are all quite large (M L > 4.5), which means that the picking errors of arrival time are relatively negligible. Secondly, the CWB network is almost perpendicular to the JMA network (Fig. 2) . Using both the CWB and JMA networks results in a better coverage of seismic ray paths (Fig. 3) . Consequently, this data set provides a rare but good opportunity to understand the deep velocity structures in the offshore portion of the Taiwan-Ryukyu junction area. It is also noted that existing tomographic . tions from the CWB and JMA could be due to different velocity models used by the two agencies.
• Grid node used in the 3-D inversion 213 models of the Taiwan area (Roecker et al. 1987; Shin and Ho 1994; Chen 1995; Rau and Wu 1995; Ma et al. 1996 , Lin et al. 1998 Cheng et al. 1998 ) generally show poor resolution in the proposed area. Hence, this study will emphasize the velocity structures in the junction area between eastern Taiwan and the southernmost Ryukyu arc, especially the offshore portion.
The 3-D inversion code used in this study is SIMULPS12 (Thurber 1983 (Thurber , 1993 Eberhart Phillips 1993; Evan et al. 1994) . It is a simultaneous inversion for hypocenters and P-wave velocity structures. The model used by Chen (1995) is taken as an initial model. The details for the inversion technique are in Eberhart-Phillips (1993) . In general, the 3-D ray-tracing algo rithm can produce curved ray paths defined by points more finely spaced than the velocity nodes. The solution is obtained by iterative, damped least squares. A large damping value is used to reduce the degree of freedom of the solution by smoothing the solution (Eberhart Phillips 1997) . A suitable trade-off between data variance and solution variance could be found by different trials on the damping factor. However, considering that our data are sparse, we have used a large damping value of 200. Based on both the size of the residual and the source receiver distance, a weight is applied to each arrival time. The recording timings of both the CWB and JMA were calibrated to Global Positioning System (OPS) timing (C.-F. Chang, personal communication). The root-mean-square error for the optimum model is 0.405 s.
The topography of the study area is complicated, varying from about 4 km above sea level at the summit of Taiwan, to about 6 km below sea level near the Ryukyu Trench (Fig. 1) . To avoid a "water-quake" or an "air-quake" source, we have implemented the topographic data of Hsu et al. (1996) into SIMULPS 12. Thus, each inverted hypocenter is ascertained to be within the earth. To avoid artificial structures, several grid spacings of horizontal nodes were tested. The horizontal nodes used for the final 3-D inversion are shown in Fig. 3 . The vertical nodes chosen are at 0, 5, 10, 15, 20, 25, 35, 50, 70 and 100 km. The main result is shown in Fig. 4 .
To display the resolution concisely, the spread function was calculated, which compresses each row of the resolution matrix into a single number that describes how strong the resolution is for that node (see Toomey and Foulger 1989; Michelini and McEvilly 1991) . The nodes covered by a high density of rays have small spread function values and are well resolved. The calculated spread function for the final model is shown in Fig. 5 . The best resolution is gener ally distributed in the southwest Ryukyu arc and eastern Taiwan (Fig. 5 ).
P-WAVE VELOCITY STRUCTURES AND RELATED TECTONICS
The most prominent feature emerging from the tomographic result is a high-velocity struc ture along the south Ryukyu arc and eastern Taiwan at about 15 km deep (i.e., the blue area in Fig. 4b ). A small part of this structure in eastern Taiwan has been imaged by using high resolution local seismic array data (Lin et al. 1998 ). The high-velocity structure shows two remarkable velocity contrasts or changes in magnitude and direction near 121.6°E, 24.4°N and 121.3°E, 23.6°N (as indicated by D and E in Fig. 4c ), trending more or less NW SE. Note that the distribution of the high-velocity structure displays a rough "A -shape" and spatially correlates with the extremely high density of earthquakes in the Taiwan-Ryukyu region (cf. Figs. 4b and 6 ). The number of earthquakes is reduced along D and E (Fig. 6) . As revealed by the locations of earthquake hypocenters collected from 1991 to 1997, the Philip pine Sea plate north of D clearly subducts northward beneath northern Taiwan and the Okinawa trough (Fig. 7) . Like the velocity contrast, the magnetic anomalies of the PSP suggest a promi nent discontinuity along D (Fig. 8) . To the south of D, the magnetic anomalies off eastern Taiwan generally display E-W trending features (Fig. 8) , suggesting that the corresponding oceanic crust was formed in a N-S seafloor spreading context, whereas the magnetic features to the north of D generally display NW-SE trending. Moreover, the offshore portion of D is marked by a shear zone, as revealed by bathymetry (Lallemand et al. 1999) .
The seismicity patterns on either side of E are also different; the region immediately to the south of E has fewer earthquakes deeper than 50 km (Fig. 7) . Although the offshore portion of 
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E shows no obvious magnetic anomalies (Fig. 8) , magnetic power spectrum analysis demon strates that the region north of E has a deeper basement than in the south . In contrast, the offshore portion of E is marked by a negative/positive transition of free-air grav ity anomalies (Fig. 9) .
A subducted Low-velocity Structure
Beneath the A -shaped high-velocity structure, an obvious low-velocity structure is present at about 35 km deep (the red area along the south Ryukyu arc in Fig. 4e ). This low-velocity structure extends along the south Ryukyu arc and dramatically disappears east of about 123.5°E. Because northeastern Taiwan has a thick crust-about 40 km thick (e.g., Rau and Wu 1995)-the low-velocity structure beneath this region is not easily distinguishable. However, existence of a plate interface beneath the high-velocity structure is suggested by great earth quakes (II\> 5.5; red dots in profile BB' of Fig. 10 ), which indicate a westward underthrust beneath eastern Taiwan (Kao et al. 1998) . south Ryukyu arc (the red area in Fig. 4e ) may correspond to the subduction of a thick crust, originally belonging to the Huatung Basin (Fig. 10) . Knowing the location of the interface between the overriding and undergoing plates can help us realize the nature of the low-veloc ity feature. For th is reason, we examine a N-S trending velocity cross-section, across the Nanao basin and the Ryukyu arc (profile AA' of Figs. 1 and 10) . The plate interface in profile AA' of Fig. 10 (indicated by a blue line) is traced by passing through great earthquakes (m b > 5.5) in this region (Kao et al. 1998) . The focal mechanism of each earthquake along the interface in profile AA' does display thrust behavior (Kao et al. 1998) ; but, its compression axis (i.e., P axis) is generally parallel to the traced interface. This phenomenon suggests that the rupture occurring at the plate interface beneath the south Ryukyu arc and Nanao basin (Fig. 10 ) may be in a complex way, rather than a simple faulting along the traced interface (e.g., Font et al. 1999; Serge Lallemand, personal communication) . However, it can be seen that the low-ve locity structure is beneath the plate interface and subducts northward beneath the Ryukyu arc (Fig. 10) . The presence of the low Bouguer gravity anomaly above the Nanao basin is in agreement with the existence of the subducted low-velocity structure (Fig. 10) .
The westward underthrusting of the low-velocity structure beneath eastern Taiwan be tween D and E is suggested by both the westward dipping of the plate interface and the low Bouguer gravity anomaly over the Hualien canyon (Fig. 10) . Additionally, the bathymetric slope is relatively abrupt in the nearshore region between D and E (Fig. 1) . Because this main underthrusting leads the northwestward motion of the PSP and if we must have a plate bound ary in this area, an initial subduction of the PSP beneath eastern Taiwan between D and E can be interpreted. As indicated by the earthquake hypocenters, the subducting PSP between D and E could reach about 60 km in depth beneath eastern Taiwan and is deeper in the north than in the south (Fig. 7) . To the south of E, the positive free-air gravity anomalies delineate well the non-subducted portion of the Luzon arc (Fig. 9) . Because the low-velocity structure is different from a typical oceanic crust and is in the northward prolongation of the Luzon arc, it could be interpreted as a subducted portion of the Luzon arc. Shemenda et al. (1992) first interpreted the low gravity anomaly above the Hualien can yon as a result of the westward initial subduction of the PSP. They proposed a reversal subduc tion from east-dipping to west-dipping along the eastern flank of the Luzon arc. Conversely, because a low-velocity structure is observed below the plate interface, the Luzon arc north of E seems to have subducted beneath eastern Taiwan (profile BB' of Fig. 10) . It is noted that the Luzon arc was originally formed by an eastward subduction and now the Luzon arc north of E is subducting westward beneath eastern Taiwan. This study suggests that the change of sub duction polarity in eastern Taiwan has occurred in the former forearc region of the Luzon arc.
Because a subducting lower velocity structure can provide greater buoyancy to resisting subduction, an upward arching of the Moho in the Taiwan-Ryukyu junction area is observed (Fig. 4e) . Extensional deformation associated with the upward arching of the upper part of the lithosphere is suggested by earthquake normal faulting (e.g., Kao et al. 1998) .
An Exhumed High-velocity Structure
It is noted that the relatively high-velocity structure is sitting above the plate interface and upthrusts relative to the subducted low-velocity structure (Fig. 10) . A possible thrust faulting or ductile deformation of the plate interface is suggested on the other side of the high-velocity structure (Fig. 10) . Lin et al. (1998) calculated earthquake focal mechanisms indicating the exhumation characteristics of the high-velocity structure. Lin et al. (1998) , however, sug gested that the Eurasian plate in eastern Taiwan is subducting eastward beneath the PSP. In opposition to their interpretation, profile BB' of Fig. 10 shows that the exhumation of the high-velocity structure is probably caused by the existence of the low-velocity structure which leads the PSP and resists subduction westward beneath eastern Taiwan (Eurasian plate). It should be mentioned that the tomographic result of Lin et al. (1998) is limited in the onshore portion of eastern Taiwan.
DISCUSSION

Tear Faults along Fault D and Fault E
As mentioned previously, it is believed that the PSP is subducting toward the north and west in the Taiwan-Ryukyu junction area. This subduction is marked by the extremely low gravity anomalies (Fig. 9) . However, a subducting slab at an oceanward concave comer would cause a "space problem": an excess subducted slab would have to be compressed laterally (Chiao 1993) . Thus, if the convergent direction remains constant, the excess mass may form a folded ridge-like structure from the corner. Alternatively, a tear fault within the subducting plate may be a simple mechanism to accommodate the extra material. There are three reasons (Fig. 7) , which implies a rupture within the northwestern tip of the subducting PSP. This fault may propagate southeastward as the PSP continues to move north westward relative to the Eurasian plate. (2) It would be easier for a tear fault to occur along an existing crustal discontinuity (e.g., Cande et al. 1987; Stock and Lee 1994; Bandy et al. 1995) . As· shown in Fig. 8 , Fault D develops along a crustal discontinuity and is rather parallel to the convergent direction of the PSP relative to the Eurasian plate (i.e., -N310°). (3) On the north eastern side of Fault D (near 24°N and 121.8°E), the extremely low velocity indicates a strong deposition of sediments, probably due to rapid subsidence on the northeastern side of Fault D (Fig. 4c) . This subsidence, associated with rapid deposition of sediments, is confirmed by marine seismic reflection data (Lallemand et al. 1997) . As a result of this tear and the north westward motion of the PSP, the overriding plate (i.e., eastern Taiwan) could be affected. In fact, the perturbation of velocity in the direction of Fault D can be seen clearly in eastern Taiwan at depths shallower than 25 km (Figs. 4a-4d) .
Likewise, because of the different patterns of seismicity on either side of E (Fig. 7) , the location indicated by Ei s possibly a fault or fault zone (named Fault E). North of Fault E, the subduction dips to the west while south of Fault E, the subduction dips to the east (Figs. 7 and 10). To accommodate the reversal of subduction polarity across Fault E, it is also suggested that Fault Ei s a tear fault. The crustal movements, estimated by the repeat GPS (Global Posi tioning System) measurements, show that the convergence rate across the Longitudinal valley south of Fault Ei s dramatically reduced to about half ( Fig. 11) (Yu et al. 1997) . velocity field north of Fault Eis almost invariant in the direction of N324 ° until the Lishan fault. Moreover, the magnitudes of the northwestward convergence rate decrease toward the north (Fig. 1 lb) . This implies that the PSP subducts westward beneath eastern Taiwan gradu ally from D to E. It agrees also with the findings that the northeast Taiwan has rotated clock wise (Lee et al. 1991 ). This rotation is probably associated with the backarc extension of the southern Okinawa trough . When the GPS velocity field is projected onto the direction of N20° (i.e., parallel to the Longitudinal valley), the change in velocity field across Fault Eis still clear and it shows that a significant left-lateral shearing exists in eastern Taiwan (Fig. 11 ).
Subducted Luzon Arc or Mid-ocean Ridge
It can be seen that the present-day Luzon arc is somewhat N-S trending (Fig. 1) . Thus, if the subducted low-velocity structure, beneath the NWW-SEE trending south Ryukyu arc, is interpreted as a subducted portion of the Luzon arc, its configuration raises an interesting issue: how could the originally N-S trending Luzon arc be distorted and finally emplaced beneath the south Ryukyu arc? Hsu et al. (1996) have suggested that the south Ryukyu arc west of 123.5°E has been bent from a NE-SW into NW-SE direction and sheared into three blocks because of the northwest ward convergence of the PSP (Fig. 1) . The tomographic result suggests that the south Ryukyu arc has been sheared or stretched (Fig. 4d) . However, it seems impossible that the whole PSP is distorted as the Luzon arc does. As attested by the intense earthquakes beneath the south Ryukyu arc (Fig. 5) , a brittle deformation of the PSP might occur in the crustal portion linked to the subducted Luzon arc, while a ductile deformation might happen at a deeper portion allowing the PSP lithosphere to continue subducting northward. An alternative solution is that the subducted Luzon arc detached from the PSP and accreted to the bottom of the south Ryukyu arc. The latter case may be ruled out if we consider that the present-day thrust earthquakes in the south Ryukyu subduction zone mark the relative motion interface between the undergoing and overriding plates.
On the other hand, because the oceanic crust of the Huatung basin is abnormally thick (about 12 km) (Yang and Wang 1998; Wang and Chiang 1998; Mcintosh and Nakamura 1998) , the subduction of the oceanic crust may display a relatively low-velocity character. It suggests that the low-velocity structure beneath the south Ryukyu arc may be simply a subducted oce anic crust of the Huatung basin (Fig. 12) .
CONCLUSION
The tomographic results, as well as the existing geophysical data, provide the following tectonic insights into the northwestern corner of the PSP (Fig. 12) .
(1) The PSP is subducting northward beneath the south Ryukyu arc and westward beneath eastern Taiwan north of Fault E.
(2) A low-velocity structure beneath eastern Taiwan is interpreted as a subducted portion of the Luzon arc. Whereas, a low-velocity structure beneath the south Ryukyu arc could be inter- 
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) and GPS velocity field (Yu et al. 1997) . preted as either a subducted portion of the Luzon arc or a subducted oceanic crust of the Huatung basin. The low-velocity structure beneath the south Ryukyu arc dramatically dis appears east of about 123.5°E.
(3) Above the subducted low-velocity structures, a A-shaped high-velocity structure is imaged. This high-velocity structure is upthrusted because of the subduction of the low-velocity structure beneath the Eurasian margin.
(4) At the northwestern tip of the PSP, a tear fault (Fault D) is probably developing along a crustal discontinuity. This tear fault within the PSP is proposed to accommodate the differ ent degrees of the PSP subduction at an oceanward concave corner in the Taiwan-Ryukyu junction area. A second tear fault (Fault E) is proposed to accommodate the reversal of subduction polarity across Fault E. The velocity structures of eastern Taiwan (belonging to the Eurasian plate) are perturbed by the presence of the two tear faults within the subducting PSP.
